The sol-gel method was used to prepare SiO 2 thin films co-doped with In 2 O 3 nano-particles and Eu 3+ . The formation of nano-sized In 2 O 3 particles after annealing at 900
Introduction
Recently, studies on nano-structured materials have attracted much attention for their novel physical properties and their potential applications in many kinds of devices [1] [2] [3] [4] [5] [6] . One of the hottest topics in this field is how to obtain nano-sized particles because it is believed that the quantum size effect can dominate the properties when the particle size is less than 10 nm [1] [2] [3] . Unfortunately, due to their small size and large surface area, which results in high reactivity of nanoparticles during preparation, it is difficult to control their size and shape in a convenient manner [4] . The sol-gel method has attracted much interest and has been widely used to prepare various kinds of materials in recent years, especially nanosized materials and thin films. It has many advantages such as low cost, easy operation for doping, cleanliness, flexibility and so on [5, 6] . It is thought that the sol-gel method will be a very effective and controllable route for future nano-material preparation [1] .
Si-based photonics is currently a rapid developing field, and one of the challenging areas is to find a Si-based light source [7] [8] [9] [10] . However, due to the indirect band-gap of silicon, its emission efficiency is too low to be used in actual devices. It would be highly desirable to find an effective approach for improving the emission efficiency of Si-based materials. Among many of the potential solutions to this problem, rare-earth-doped silicon or silica (REDS) with high emission intensity and efficiency is one of the promising routes [7] [8] [9] [10] . In order to further enhance the emission efficiency of REDS, it is of interest to investigate the fabrication and luminescence behavior in REDS co-doped with metal oxide nano-particles (MONPs). Due to the energy transfer from MONPs to the rare-earth, the photoluminescence (PL) intensity could be enhanced significantly [11] . In this paper, a method for preparing nano-sized In 2 O 3 particles embedded in a Eu 3+ -doped SiO 2 matrix is introduced; the formation process of the hybrid material was studied by many kinds of techniques. It was found that the particle size and density can be controlled in a convenient way. Moreover, room temperature photoluminescence was observed which can be attributed to the 5 D 0 -7 F J (J = 0-4) transitions of Eu 3+ . The luminescence intensity was obviously enhanced after formation of In 2 O 3 nano-particles and it may due to the energy transfer from nano-particles to the rare-earth.
Experiments
The sol-gel method was used to prepare the In 2 3 . Firstly, the raw materials were dissolved in a mixture of ethanol (EtOH) and de-ionized water with a proper molar ratio under constant stirring. After totally dissolution, diluted HCl (0.01 M) was dropped into the mixture to adjust the pH value to 2.0. Then the precursor solution was refluxed at 60
• C for about 4 h under rigorous stirring. The obtained solution was clear and transparent without any precipitate. After 2 days' storage, this precursor can be used for film deposition. In the above process, the doping concentration of indium (In 3+ ) and Eu 3+ can be well controlled by simply adjusting the molar ratio between TEOS/In(NO 3 ) 3 and TEOS/Eu(NO 3 ) 3 . In this work, the doping concentration of Eu 3+ was fixed at 4 mol%, while the doping concentration of In 3+ was changed from 1 to 20 mol%. The spin coating method was used to prepare thin films on a single polished n-type silicon (100) substrate which was cleaned by a standard RCA process followed by dipping in a 10% HF solution to eliminate the native oxide layer. Spin coating was performed in a KW-4A spin coater. The speed of rotation was set to be 4000 rpm. After spin coating, the prepared films were pyrolysed at 400
• C in air for 30 min. Three layers were deposited to get a sufficient film thickness. The resulting films were annealed at different temperatures from 600 to 1100
• C for 30 min at a ramp rate of about 3
• C min −1 in a quartz tube furnace under an air ambient. Films coated on double polished silicon wafers were annealed at different temperatures and used for Fouriertransform infrared (FT-IR) measurements in a Nexus 870 FT-IR spectrometer. For thermo-gravimetric and differentialscanning calorimetry (TG/DSC) testing, the precursor was placed in a draughty place; a gelatinous product was formed in more than a week and was milled to a powder for TG/DSC testing. Testing was performed on a thermal analyzer (NETZSCH STA 409 PC/PG) in the temperature range from room temperature to 1500
• C under flowing air, the rate of temperature increase was controlled at 10
• C min −1 . The microstructure was investigated by x-ray diffraction (XRD) with θ -2θ geometry under Cu Kα radiation. PL spectra were obtained using a FluoroMax-2 spectrometer equipped with a 450 W Xe lamp as the light source, and the exciting wavelength was set to be 270 nm.
Results and discussion
The TG/DSC curves for SiO 2 powder doped with 20 mol% In 3+ and 4 mol% Eu 3+ are presented in figure 1 . There are several peaks in the DSC curve: (1) an endothermic peak centered at 95
• C, which corresponds to a large weight loss (near 40%) as seen from the TG curve. This can be caused by the evaporation of residual solvent, for example EtOH and H 2 O; (2) the exothermic peak centered at about 460
• C, corresponding to a weight loss of about 5%, which is probably induced by the pyrolysis of the residual carbide, since there are a large number of carbide groups in TEOS; (3) the exothermic peak at around 900
• C, which is not so evident due to the drift of the instrument baseline. This peak corresponds to little weight loss as shown in the TG curve; (4) the exothermic peak centered at 1160
• C. This peak also corresponds to little weight loss in the TG curve. and 4 mol% Eu 3+ co-doped films processed at different temperatures for 30 min. As seen in this figure, both the bands centered at around 3400 and 954 cm −1 are related to the −OH bond, and the peaks become weaker and finally disappear as the temperature increases to 1000
• C. We suggest that the most of the −OH groups have bonded with Si species after the sol-gel transition because other types of −OH in this system cannot be stable up to such a high temperature. On elevating the annealing temperature, the absorption related to the Si-OSi bending mode (around 800 cm −1 ) becomes stronger while the Si-O rocking mode located at 460 cm −1 shifts a little toward the high energy side, which is also interpreted to be the effect of condensation and compaction of the SiO 2 framework. The peak centered at around 1100 cm −1 is attributed to the AS1-TO mode of Si-O-Si [12] , which is magnified in figure 2(b). It is clearly seen that with increasing annealing temperature, it shifts to higher energy, say, from 1070 (450
• C) to 1086 cm −1 (1100 • C), indicating the formation of a more compact and stable SiO 2 framework after high temperature treatment. Compared with the results from un-doped SiO 2 (data not shown here), the Si-O-Si absorption peaks around 1100 cm −1 in co-doped silica films are greatly broadened, indicating that In 3+ have been bonded with the framework of the SiO 2 host matrix by forming metastable bonding structures of Si-O-In [13] . On increasing the annealing temperature, the Si-O-In structure decomposes, and some In-based phase could be formed.
The XRD patterns for 20 mol% In 3+ -doped films annealed at selected temperatures are shown in figure 3 . The 700
• C annealed film shows weak XRD peaks due to the hexagonal rhombic centered (HRC) structure of In 2 O 3 (JCPDF no. 72-0683). It is difficult and inappropriate to estimate the particle size through the XRD peaks due to its low XRD intensity. It is supposed that only In 2 O 3 clusters are formed in this situation [14, 15] . As the temperature increases to 900
• C, the XRD intensity increases and the (012) diffraction peak appears. The fairly broad peaks indicate that In 2 O 3 is precipitated as nano-particles embedded in the SiO 2 matrix. By using Scherrer's relationship [16] , the particle size can be estimated to be about 5 nm (from (012) diffraction). The XRD pattern of film annealed at 1100
• C is changed completely. A body centered cubic (BCC) In 2 O 3 structure (JCPDF no. 06-0416) is obtained and the line width is greatly narrowed. The calculated particle size is about 60 nm. The (211) and (422) diffraction peaks are raised from the same crystal plane, indicating that growth of the crystal probably takes place along the preferred orientation.
The XRD results for films doped with different In 3+ concentrations (1, 5 and 20 mol%) annealed at 900
• C are presented in figure 4 . It is found that all the films show well aligned XRD peaks. As shown in the inset of the figure, the diffraction intensity increases on increasing the In 3+ doping concentration, indicating that the density of the In 2 O 3 nanoparticles increases on increasing the doping concentration. • C for 30 min; the curves are arbitrarily shifted for clarity. The inset shows the magnified peak centered at around 2θ = 22
• without vertical shift.
The particle size calculated from the (012) diffraction peak in 1 mol%, 5 mol% and 20 mol% In 3+ -doped films is about 5.3 nm, 4.7 nm and 5.0 nm, respectively. The variation of the particle size in different In 3+ -doped films is in the region of the error limit, indicating that particle size is not obviously influenced by the doping concentration of In 3+ . We would like to discuss the growth process of the In 2 O 3 nano-particle as follows: (1) at first, residual solvent evaporates at around 95
• C, In 3+ is bonded with the SiO 2 framework as Si-O-In, and no In 2 O 3 phase is formed. After 460
• C annealing, the residual carbide pyrolyzes, and a full inorganic film is formed. (2) As temperatures increases, some of In 3+ ions can diffuse and meet each other, but only In 2 O 3 clusters are formed even at temperatures as high as 700
• C. Although it has been reported that pure In 2 O 3 can be easily crystallized at around 500
• C [17] , the existence of SiO 2 host in our case acts as a diffusion barrier for In 3+ ions, which greatly increases the crystallization temperature of In 2 O 3 . (3) When the annealing temperature is up to 900
• C, In 3+ ions are able to diffuse more actively so that more In 3+ ions can meet and form the nano-crystal In 2 O 3 phase. In the DSC curve, the exothermic peak at around 900 • C is thought to be caused by the crystallization process of In 2 O 3 nano-particles, which also accords well with the XRD results. In this temperature region, the size of the In 2 O 3 nano-particles increases with elevation of the annealing temperature. However, due to the confinement of the SiO 2 matrix, the In 2 O 3 nano-particles cannot growth in an unrestricted fashion. In this process, the size of the In 2 O 3 nanoparticles is more likely to be governed by temperature, while its density is influence by the doping concentration of In 3+ . (4) At higher temperatures, more than 1160
• C, a more thermally stable phase of In 2 O 3 , i.e. a BCC structure, is preferred, so a phase transition and rapid crystal growth take place, which results in the formation of much larger In 2 O 3 particles. We have to give additional explanations at this moment, as the phase transition temperature is 1160
• C in TG/DSC curves, which does not coincide with the phase transition temperature in the XRD results. We can give an interpretation which has two aspects: firstly, the ramp rate of temperature in the TG/DSC experiment is much higher than in the film annealing process, which will cause the effect to be postponed as it is common in the TG/DSC test [18] ; secondly, films grown on the substrate always have a lower active energy due to the existence of both surface and interface, which will lead to a lower phase transition temperature.
Room temperature PL spectra of 4 mol% Eu 3+ doped SiO 2 thin films annealed at 900
• C for 30 min with different In 3+ doping concentrations are presented in figure 5(a). As shown in figure 5 (a), a band centered at 610 nm can be observed in samples without In 3+ co-doping, which is associated with the 5 D 0 -7 F 2 transition of Eu 3+ [11] . Well resolved characteristic emission bands of 5 D 0 -7 F J (J = 0-4) from Eu 3+ ions can be observed in the spectra from samples co-doped with different amounts of In 3+ . As denoted in the figure, the peaks centered at 573 nm, 585 nm, 610 nm, 650 nm and 700 nm are attributed to the 5 [11] . It is shown that the 5 D 0 -7 F 2 transition has the strongest emission intensity in the PL spectra and it is nearly twice the emission intensity due to the transition of 5 D 0 -7 F 1 , indicating that Eu 3+ ions are occupy similar low symmetry sites in different films [11] . The dependence of the integrated PL intensity and the size of In 2 O 3 on the doping concentration of In 3+ is presented in figure 5(b) , in which the integrated PL intensity used to make the plot is the 5 D 0 -7 F 2 characteristic emission of Eu 3+ centered at 610 nm. As seen in figure 5(b) , with increasing doping concentration of In 3+ , the PL intensity of the 5 D 0 -7 F J multiples increases linearly. The integrated PL intensity from the 20 mol% In 3+ co-doped film is about 20 times stronger than that from the film without In 3+ co-doping, which is more effective than using SnO 2 or CdSe nano-particles to enhance the PL intensity [11, 19] . As the size of the In 2 O 3 nano-particles is almost unchanged with increasing In 3+ concentration, it implies that the change in the PL intensity is not directly related to the change in the particle size. The enhancement of PL intensity can be ascribed to the effective phonon assisted energy transfer from In 2 O 3 nanoparticles to the rare-earth ions due to the strong interaction between photo-generated electrons in In 2 O 3 nano-particles and the nearby Eu 3+ ions as suggested previously [19] . With increasing doping concentration of In 3+ , the density of the In 2 O 3 nano-particles increases, which is more favorable for energy transfer from the excited In 2 O 3 nano-particles to the nearby Eu 3+ ions. Meanwhile, more In 2 O 3 nano-particles can absorb the exciting light more effectively and transfer the energy to the nearby Eu 3+ ions.
Conclusion
In conclusion, In 2 O 3 nano-particles encapsulated in Eu 3+ -doped SiO 2 thin films were prepared successfully by the sol-gel method. 
